Although the AB0 blood group is one of two major antigen systems of relevance for transplantation in humans, there are still conflicting data concerning the influence of AB0 incompatibility on transplant outcome. This study investigated the effect of AB0 incompatibility in recipients of bone marrow transplants from unrelated donors.
Introduction
The AB0 blood group and human leukocyte antigens (HLA) are two major antigen systems of relevance for transplantation in humans. In organ transplantation, AB0 compatibility between the donor and recipient is critical, while the role of the HLA system is minor.
1 High-titer anti-A/B in patients usually induces hyperacute rejection of grafts expressing foreign A or B antigen. In contrast, successful allogeneic hematopoietic transplantation was developed using an HLA-identical stem cell source. AB0 incompatibility is not supposed to be a barrier to stem cell transplantation. However, the recovery of erythrocytes is, in fact, delayed by the persistence of recipient anti-A/B against donor red cells, and there are still conflicting data concerning the influence of AB0 incompatibility on transplant outcome, graft-versus-host disease (GVHD), relapse, and survival. [2] [3] [4] [5] [6] [7] There are two problems in studying the effect of AB0 blood group incompatibility in stem cell transplantation. The first is that there are three types of incompatibility: major incompatibility, which occurs when a patient has anti-A/B against donor red cells; minor incompatibility, which occurs when donor plasma contains anti-A/B against the recipient red cells; and bidirectional incompatibility, which occurs when both donor and recipient have anti-A/B against each other. If the number of analyzed patients is not sufficiently large, the data cannot be analyzed for each mismatched group. Many previous studies failed to identify a significant effect of incompatibility, but it may be that a larger volume of data needs to be analyzed in order to identify an effect. Stem cell sources other than bone marrow are currently available, 8, 9 and non-myeloablative or reduced-intensity conditioning regimens are now used for stem cell transplantation.
10-12 AB0 incompatibility may have different effects when different stem cell sources and conditioning regimens are used.
In bone marrow transplantation from an unrelated donor (UR-BMT), some patients can find a number of suitable donors through a donor program. Identifying the effects of AB0-blood type incompatibility can help physicians select better donors. In this study, we analyzed data from 5,549 patients who underwent UR-BMT through the Japan Marrow Donor Program (JMDP) to study the effects of AB0 incompatibility on various outcomes of UR-BMT.
Design and Methods

Patients
We retrospectively analyzed the data of patients who underwent a first UR-BMT through the JMDP between 1993 and 2005 and for whom complete data on AB0-blood group compatibility, age, and HLA compatibility were available. A total of 5,549 patients were transplanted with marrow from AB0-matched (n=2,820, 50.8%), major-incompatible (n=1,384, 24.9%), minor-incompatible (n=1,202, 21.7%), and bidirectional-incompatible donors (n=143, 2.6%) and the survivors were followed up over a median period of 1,831 days (range, 84-5,187 days). Acute leukemia, malignant lymphoma, and multiple myeloma in first or second remission, chronic myeloid leukemia in first or second chronic phase, and myelodysplastic syndromes without leukemic transformation were considered standard-risk diseases, whereas other malignant hematologic diseases were considered high-risk diseases. Diseases that are not malignant were considered benign diseases. Causes of death were categorized as graft failure, disease progression, GVHD, interstitial pneumonia, sepsis, bleeding, hepatic veno-occlusive disease, renal failure, liver failure, and others. All causes of death except disease progression were considered treatment-related mortality. Engraftment was defined as a peripheral granulocyte count more than 0.5×10 9 /L for 3 successive days. Secondary graft failure was defined as a peripheral granulocyte count of less than 0.5×10 9 /L with a finding of severe hypoplastic marrow in engrafted cases. The occurrence of acute GVHD was evaluated according to grading criteria in patients who survived more than 7 days after transplantation. The occurrence of chronic GVHD was evaluated according to standard criteria in patients who survived more than 100 days after transplantation. Informed consent was obtained from patients and donors in accordance with the Declaration of Helsinki, and the study protocol was approved by the JMDP Institutional Review Board.
Statistical analysis
Statistical analysis was performed with JMP (version 5.1, SAS Institute Inc, Cary, NC, USA). For the Cox proportional hazards model and logistic regression model, multiple dichotomous variables were created, corresponding to each blood group compatibility and then incorporated into the models, with the other categories being a reference group. Overall survival and secondary graft failure were analyzed by the Kaplan-Meier method, and the log rank test was used to test the significance of differences. The incidence of blood cell recovery and GVHD were estimated by the cumulative incidence method considering death without recovery and death without GVHD as competing risks, respectively. Factors that significantly affected survival, blood cell recovery, and GVHD were evaluated by the Cox proportional hazards model. The cumulative incidence and grade of acute GVHD were also analyzed using a contingency table with likelihood-ratio χ 2 statistics. Factors involved in the development of GVHD were estimated with logistic regression analysis.
Results
Patients
Among the four groups defined according to AB0-compatibility, excluding age, HLA compatibility, and number of infused nucleated cells, there were no significant differences in the gender distributions of patients and donors, the number of transplantations, performance status before transplantation, conditioning regimen, GVHD prophylaxis, administration of colony-stimulating factors, or underlying diseases on the likelihood-ratio χ 2 test (Table 1) .
Survival
Overall survival differed significantly among the four groups (log rank test, p=0.0003); the estimates of 1-year overall survival for each group were 63.0% (AB0-matched), 56.9% (major incompatibility), 57.1% (minor incompatibility), and 63.5% (bidirectional incompatibility) ( Figure 1A) . Differences between the AB0-identical group and either the major or the minor mismatched group were statistically significant (log rank test; major incompatibility, p<0.0001; minor incompatibility, 0.0051); however, the difference between the AB0-identical group and the bidirectional mismatched group was not statistically significant (p=0.1884). The proportion of HLA-identical donors was significantly higher in the AB0-matched group than in the AB0-incompatible group (Table 1) . Even among cases of HLA-matched transplants (n=3,433), a similar difference in overall survival was observed among the four groups (log rank test, p=0.006), and the overall survival rates of the major and minor mismatched groups were inferior to the rate of the AB0-compatible group (log rank test; major incompatibility, p=0.009; minor incompatibility, p=0.002; Figure 1B) .
In AB0-mismatched transplants, the bone marrow must be processed to prevent hemolysis of donor or recipient red blood cells as a result of the infusion of AB0-incompatible red blood cells or plasma. This procedure may reduce the number of hematopoietic stem cells. In fact, the mean number of total infused nucleated cells × 10 8 per patient body weight (kg), in each group was 3.07 (AB0-matched), 1.79 (major incompatibility), 2.80 (minor incompatibility), and 1.74 (bidirectional incompatibility) with a statistically significant difference (Kruskal-Wallis, p<0.001). To examine whether the difference in overall survival depended on the number of transplanted cells, HLA compatibility, or other factors that differed among the four groups, we used time-dependent Cox proportional hazards modeling (Table 2A) . While the type of disease (standard and high-risk malignant disease or benign disease; p<0.001), patients' age (p<0.001), HLA mismatch (p<0.001), and major AB0 incompatibility (p=0.016) were significant risk factors, the number of infused cells was not (p=0.093), indicating that the number of infused nucleated cells did not reflect the number of hematopoietic stem cells. The number of harvested nucleated cells × 10 8 per patient body weight (kg), was 3.12 (AB0-matched), 3.30 (major incompatibility), 3.22 (minor incompatibility), and 3.49 (bidirectional incompatibility) with no significant difference (Kruskal-Wallis, p=0.209), and was not a significant risk factor for overall survival in the proportional hazards model (p=0.116).
The cumulative incidences of transplant-related mortality differed significantly among the four groups ( Figure  1C , p<0.0001), with the 1-year rates being 27.9% (AB0-matched), 35.8% (major incompatibility), 34.2% (minor incompatibility), and 30.7% (bidirectional incompatibility). In multivariate analysis, major and minor AB0 incompatibility significantly increased the risk of treatmentrelated mortality (Table 2A) . Viewed from a different angle, the rates of disease-related death were significantly lower in the major and minor mismatched groups, although there was no significant difference in relapse rate (likelihood-ratio χ 2 test, p=0.068, data not shown). We also analyzed the outcome of UR-BMT in the subgroup of patients who received reduced-intensity conditioning. Although the overall survival of AB0 incompatible groups was inferior to that of the group receiving AB0-compatible grafts, the difference among the four groups was not statistically significant (data not shown). There was, however, a statistically significant difference in transplant-related mortality among the four groups (p=0.014, Figure 1D ). In multivariate analysis, AB0 incompatibility significantly increased the risk of treatment-related mortality: the relative risks (RR) were 1. (Table 2B) .
A few reports analyzing small numbers of patients have indicated that red blood cell recovery in patients with major mismatching is markedly delayed among those undergoing non-myeloablative hematopoietic stem cell transplantation. 10, 11 In our analysis, there were some cases for which data from conventional (n=2009) or reduced-intensity transplantation (n=666) were available: we did not find a statistically significant difference in red blood cell recovery between these two groups with major AB0 incompatibility (log rank test, p=0.244, Figure 2D ).
There was a significant difference in secondary graft failure among the four groups (log rank test, p=0.007). The incidence of graft failure in the mismatched groups was higher than that in the AB0 matched group (major incompatibility, p=0.007; minor incompatibility, p=0.031; bidirectional incompatibility, p=0.008; data not shown); however, Cox proportional hazards modeling failed to show that any AB0 incompatibility significantly affected secondary graft failure (data not shown).
Graft-versus-host disease
Log rank testing of cumulative incidence curves showed a statistically significant difference in grade 3 or 4 acute GVHD among the four groups (p<0.0001, Figure  3A ). More grade 3 and grade 4 GVHD occurred in the major mismatched and minor mismatched groups than in the AB0-identical group (major incompatibility, p<0.0001; minor incompatibility, p=0.0002; bidirectional incompatibility, p=0.605). Multivariate analysis indicated that both major and minor AB0 incompatibility had a significant effect, similar to that of patients' age, HLA-compatibility, disease risk, and GVHD prophylaxis (Table  2C ). There was no significant difference in chronic GVHD (data not shown).
The grade of acute GVHD is calculated from each stage of acute GVHD in the skin, gut, and liver. There was no significant difference in the occurrence of GVHD of the skin and gut among the four groups (likelihood-ratio χ 2 test; skin, p=0.67; gut, p=0.34, data not shown). However, the incidence of stage 2 to 4 hepatic GVHD was higher in the major and minor mismatched groups than in the AB0 matched group (log rank test, p<0.0001 and p<0.0001, respectively, Figure 3B ). Cox proportional hazards modeling indicated that both major and minor incompatibility were significant risk factors for severe hepatic GVHD (Table 2C) .
The stage of hepatic GVHD is determined by the total bilirubin level, which raises the possibility of increased indirect bilirubin causing a higher stage. Consequently, we analyzed the overall survival of patients with hepatic GVHD. The overall survival rates of the major and minor mismatched groups were comparable to the rate in the AB0-identical group, suggesting that hepatic GVHD in mismatched patients is not false (log rank test; major incompatibility, p=0.232; minor incompatibility, p=0.551; data not shown).
Patients with major mismatching were divided into two groups based on whether their reticulocytes reached 1% within 28 days after transplantation. Interestingly, grade 2 to 4 acute GVHD occurred more frequently among patients who had early recovery of erythrocytes than in those with delayed recovery (likelihood-ratio χ 2 test, p=0.007, Figure 3C ). This difference was not obvious in the other groups. Logistic regression analysis indicated that the day of reaching 1% reticulocytes, disease risk, and HLA compatibility had significant effects on the occurrence of severe acute GVHD (Wald test, p<0.01). Among the patients who received reduced-intensity conditioning, grade 3 to 4 acute GVHD was observed more frequently in the major mismatched group than in the group transplanted with AB0-identical grafts (p=0.0372). The incidence of stage 2 to 4 hepatic GVHD in the major mismatched group was higher than that in the AB0-identical group, although this difference was barely significant (log rank test, p=0.0430; Wilcoxon's test, 0.0592). Instead, the incidence of gut GVHD was significantly higher in patients with major incompatibility than in those receving AB0-identical grafts (log rank test, p=0.0017, Figure 3D) , and a multivariate analysis showed that major incompatibility was a significant risk factor (RR, 1.27; 95% CI, 1.09 -1.48; p=0.0024).
Discussion
We examined the effects of AB0-blood group incompatibility on the outcome of UR-BMT in a large-scale analysis. Our results showed poor overall survival in the group of patients with major incompatibility and a higher risk of grade 3 to 4 acute GVHD in both the major and minor mismatched groups. These effects on transplantation outcome are particularly important in the UR-BMT setting, because a given patient can find several suitable donors through our growing marrow donor program. The higher mortality rate in the major mismatched group was statistically significant but not greatly so. Many previous reports failed to find a difference in survival according to the degree of AB0-incompatibility. 7 One of the reasons for this failure may be that too few cases were analyzed. Even in our analysis, only 143 patients underwent a bidirectional incompatible transplantation, which appears insufficient to obtain a definitive conclusion in terms of the Kaplan-Meier curve for overall survival. Only two previous reports considered more than 1000 patients, but neither found any difference in overall survival or incidence of acute GVHD between the subgroups with different degrees of AB0-incompatibility. Mielcarek et al. analyzed 1676 patients to demonstrate the relationship between acute GVHD and the disappearance of donor-directed anti-A/B isohemagglutinin. 2 Their study included transplants from both HLA-matched related and unrelated donors, and the comparison was performed among a relatively small number of AB0-incompatible subgroups in 748 allografts from unrelated donors. Seebach et al. reported a retrospective analysis of 3102 patients, but they confined the background disease and stem cell source to patients with early-stage leukemia who received a bone marrow transplant from an HLA-identical sibling. 6 Thus, our report is the first large-scale analysis of UR-BMT with AB0-incompatible allografts. Another explanation of why our results differ from those of previous reports may be the use of bone marrow from unrelated donors as a source of stem cells. In addition, we could analyze the effects of AB0 incompatibility in transplantation among patients who received reducedintensity conditioning, and observed increased transplant-related mortality in the mismatched groups, as recently reported from a single center. 13 Delayed recovery of red blood cells in AB0-major mismatched transplantation is a well-known problem and is caused by persistent anti-A/B against non-self-AB0 antigens. 14, 15 We found delayed recovery not only of red blood cells but also of neutrophils and platelets. A previous report documented a longer period of thrombocytopenia in cases of major AB0 incompatibility. 8 The limitation of this phenomenon to transplants with major AB0-mismatching suggests that ABH antigens are expressed in blood cells other than erythrocytes. Cooling et al. reported that platelets express ABH in a relatively stable manner influenced by group A subtype. 16 It would, therefore, be interesting to examine the subtype of ABH antigen that caused more severe delays in platelet engraftment. In the JMDP database, details on AB0 blood group subtype of the donors and recipients were not available. In contrast, ABH antigens could be detected on lymphocytes but not on neutrophils or monocytes. 17 Delayed engraftment of neutrophils was also reported previously by other groups. 6, 7 They speculated that antidonor isohemagglutinin may bind to A/B antigens adsorbed on the surface of neutrophils or their precursors. An increased risk of graft failure after major mismatched transplants was recently found in an analysis of 224 patients who underwent transplantation from unrelated donors. 18 We also found a higher incidence of secondary graft failure after transplants with major incompatibility than after AB0-identical transplants, but we were unable to identify major incompatibility as an independent risk factor for graft failure.
Two reports have shown that donor red cell chimerism occurs later in major AB0-incompatible non-myeloablative stem cell transplants than in myeloablative ones. 10, 11 In our analysis, the time to achieve 0.5% reticulocytes was longer in some patients undergoing non-myeloablative transplantation than those undergoing myeloablation, but the difference was not statistically significant. Peggs et al. indicated that the incidence of delayed donor red cell chimerism may differ according to the type of non-myeloablative conditioning regimen used. 11 Differences in the regimen may have reduced the influence of non-myeloablative conditioning on erythrocyte engraftment of major AB0-mismatched marrow in our analysis.
We observed a high incidence of severe acute GVHD in the groups of patients with major and minor incompatibility but not in the bidirectional mismatched group. Some previous reports indicated a higher incidence of severe acute GVHD in groups with major and minor mismatching than in the AB0-identical group, but other reports did not. 4, 6, 7 We were able to analyze a sufficient number of patients to detect an influence of AB0 mismatching on acute GVHD. In addition, Japanese patients are at a significantly lower risk of severe acute GVHD than American patients, which is suggested to be due to the lower genetic diversity of HLA and cytokine gene polymorphisms. 19 This lesser influence of other factors might be responsible for the influence of AB0 mismatching on acute GVHD.
The incidence of liver GVHD was higher among cases of minor AB0-incompatible transplants. ABH antigens are widely distributed in tissues other than erythrocytes and are also expressed on epithelial cells of large bile ducts. 20, 21 Recipient-directed anti-A/B may injure the liver epithelium contributing to an increase in the incidence and severity of liver GVHD. In fact, a high incidence of biliary and hepatic artery complications was observed in AB0-incompatible liver transplants. 22 In contrast, there is donor-directed anti-A/B instead of recipient-directed anti-A/B in major AB0-incompatible transplants. Mielcarek et al. showed that a more rapid clearance of donor-directed anti-A/B was positively correlated with the development of acute GVHD in AB0-incompatible transplants from HLA-matched related donors. 2 They suggested that host-directed donor T cells lead to more rapid elimination of residual mature antibody-producing host lymphocytes and plasma cells, which they termed the graft-versus-plasma cell effect. In their analysis, however, there was a less striking correlation between acute GVHD and anti-A/B disappearance in HLA-matched UR-BMT, and the small sample size of UR-BMT patients was speculated to be a reason. In our analysis, patients undergoing major mismatched transplantation were divided into two groups depending on whether the time to achieve 1% reticulocytes was earlier than the median 28 days after major AB0-incompatible transplantation, and patients with earlier recovery of erythrocytes showed a higher incidence of severe acute GVHD. We did not measure the titer of donor-directed anti-A/B, but the disappearance of anti-A/B is well known to precede the engraftment of erythrocytes. Therefore, our observation suggests that the graft-versusplasma cell effect also played an important role in the engraftment of erythrocytes in the UR-BMT setting. In AB0 major mismatched transplants, although we could not speculate which specific antigen on host cells was a target of donor-derived lymphocytes, elimination of residual plasma cells producing donor-directed anti-A/B might be necessary but might cause a more severe graftversus-host reaction leading to engraftment.
The number of bidirectional-mismatched patients in our analysis was relatively small, which may have caused a deviation in GVHD incidence. Another possibility is that the mechanism promoting severe hepatic GVHD differs between cases of major and minor incompatibility. In bidirectional mismatched transplants, these effects might counteract each other. In contrast, however, a recent large analysis by Seebach et al. showed that only the group with bidirectional mismatching had a higher incidence of acute GVHD than that in the AB0-identical group. 6 However, only 114 of 3103 patients undergoing transplantation from an HLA-identical sibling had bidirectional-mismatching. The conflict between our observations and those of Seebach et al. might be related to the source of stem cells used for the transplants. In either case, the number of patients with bidirectional-mismatching in our study was insufficient, and a larger group of patients will be necessary to draw a definitive conclusion on GVHD as well as survival in patients with bidirectional incompatibility.
